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.ABSTRACT 


An experimental study of a cambered Joukoweky airfoil (chord 15 cma, 
thickness 15%, camber 10%) and a symmetric Joukowsky airfoil (chord 15 cms, 
thickness 15%) has been carried out in nonuniform strong shear flow. A shear 
scrgsa was designed and fabricated to generate unonuniform strong shear flow 
and a new model incidence system was designed and fabricated to measure the 
geometrical angle of attack of the airfoils with an accuracy of 1/1 Oth of a 
degree. The pressure distributions o-ver the airfoils have been measured to 
compute the aerodynamic coefficients CL , C. r and C for various angles of 
attack and at different vertical locations to observe the effects of the 
interactions of stream shear, camber, thickness and vertical location on the 
airfoil characteristics. The present work shows that maximum lift obtained 
both for the symmetric airfoil and the cambered airfoil decreases consider- 
ably when honuniform strong shelf is introduced, ‘.although as the airfoil is 
mounted further and further away from the flow centreline the maximum lift 
obtained for both airfoils increases. The improvement is more for vertical 
locations below the flow centreline compared to vertical locations above the 
flow centreline. The variation of CL, with angle of attack and different 
vertical locations is presented and discussed.^ 
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CHAPTER 1 


HUTRODUCTIOU 

The majority of aerodynamic problems are concerned with the 
determination of forces on bodies immersed in a uniform stream. But there 
,are sSit&at ions in which the flow approaching the body cannot be considered 
uniform, in other words it has velocity gradients or shear. For example, 
the flow in propeller or jet slip-streams, flow in the wakes of bodies, and 
iif -Boundary layers fall into this category of shear flows. In the case of a 
propeller aircraft whereppsrt##fffche wing is submerged in the slipstream, 
the local MjffcAdtJjfcfficient on this part of the wing may differ from that 
on the rest of the wing, changing the spanwise lift distribution accordingly 
Recently attention has been focused on shear flews because of the 
importance of rotor or propeller slipstream interaction with the wings of 
V/STOL aircraft. Both theoretical and experimental - investigations on 
airfoils have been carried out in various types of shear flows where the 
shear- exists in a plane perpendicular to the span of the wing. Existence 
of strong gradients of the longitudinal velocity in the slipstream seems to 
change tne airfoil characteristics considerably. An understanding of the 
maximum lift and stalling behavior of airfoils in nonuniform shear flows 
should enable the airplane designer to take maximum advantage of this if 
possible . This will be particularly useful in the field of V/STOL air- 
craft with highly flapped wings immersed in a highly sheared slipstream. 

1 .1 Review of the Previous Work 

a. Airfoils in Uniform Shear Plow. 

In one of the earliest investigations Tsien 1 (1943) considered a 
symmetric Joukowsky airfoil in an infinite in vise id stream with a uniform 
shear K, defined as 

U = Uo (1 + ^ ) ( I--*-) * 

c i 

\ 

A 

* See list of symbols for definitions. 
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An exact solution for the aerodynamic foxces was obtained predicting 
an increase in the lift coefficient due to interaction of thickness and shear. 
Tsien's theory for a symmetric Joukowsky airfoil in a 2-dimensional uniformly 
sheared stream (i.e. with constant shear throughout the flow) was extended by 
Sowyrda (1958) to the case of a cambered Joukowsky airfoil, mainly due to his 
^interest in the deflected shear slipstream over highly flapped wing configu- 
r at ionsof V/STOL aircraft. His results for the lift coefficient and the pit- 
ching moment coefficient- to the first order in the thickness X and camberh/c 
are 

^ ( 1 +T * + 1 ff- ^ 27TA+ 2 rr ( £ f + T ( 1 + §2 ) ) ( 1 *2) 

X/ 2 ~ (1 +c+c -5r )J K + W (, - 3) 

where h is the maximum height of the airfoil camber line. If in Eq. (l .2) 

h is put equal to zero, the value of C T given by Tsien's theory is obtained. 

L 4,5 

An experimental study was also undertaken by Vidal in which measurements 
were made on a symmetric 2-dimensional Joukowsky airfoil . A Joukowsky airfoil 

9 

was chosen so that the results could be compared to the predictions of the 
theories available at the' time. One particularly notable result was obtained 
when the airfoil was immeresed in a nonuniformly sheared flow similar to a 
section through a propeller slipstream. It was found that the location of the 
airfoil in this flow had a marked effect on both the maximum lift available 
and on the stalling characteristics of the airfoil. Indeed it was observed t 
that a small change in the vertical location of the airfoil relative to the 
flow centreline , say, of approximately one airfoil thickness, produced about 

a 10C$ change in maximum lift available . The theories available at the time 
did not provide a satisfactory explanation for the flow mechanism involved 
in producing such a marked effect . 
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b. Airfoils in Nonuniform Shear Plow. 

"Z 

Jones (1957) investigated the effect of nonuniform flow on airfoil 

characteristics with a parabolic velocity distribution given by 

U = U ( 1 + 8q ( J ) 2 ) (1.4) 

1 c 

His results for C_ and C to the first order in angle of attack^ and shear 
L m c /2 • : 
parameter q are given by 

C = 27T( ( 1 + 1 .11q)* + % ) (1.5) 

h C 

H-c( 1 + .S66q> (1.6) 

c/2 2 

6 

Ludwig and Erickson (1971) at the Oomell Aeronautical Laboratory 
(now CAISPAN Corporation) carried out a systematic study of the aerodynamic 
characteristics of symmetrical airfoils in shear flows. They developed a 
theoretical and experimental pregram to investigate the aerodynamics of an 
airfoil in a 2-dimensional nonuniformLy sheared slipstream. A mathematical 
model was developed to predict airfoil pressure distributions in such a slip- 
stream and was used successfully for slipstreams with moderate shear. Pressure 
distributions over a wide angle of attack range were measured experimentally 
on an airfoil at each of seven different locations .in a highly sheared 2-dimen- 
sional slipstream. Pressure distributions were obtained on the airfoil both 
at a location slightly above the flow centreline and also at a location 
slightly below the flow centreline. These effects indicated that the large 
effects on stalling characteristics were due to differences in the upper • 
'surface pressure distributions. The pressure distributions were affected by 
the free stream shear. Moreover, in the data obtained for airfoils located 
near the flow centreline , the differences in the lift appreared to have been 

caused primarily by differences in the stagnation pressure of the stre am l ine 
ed 

which intersect/ the airfoil. This stagnation pressure was a function not 
only of airfoil location relative to the slipstream, but also of the angle 
of attack of the airfoil . 
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Vidal et al^ (i960) mads experimental measurements by simulating a 
2-dimensional nonuniform slipstream in a wind tunnel and carried out tests 

,on a thick symmetrical Joukowsky airfoil. It was reported that the maxi- 

» * 

mum lift available changed markedly when the airfoil was positioned slightly 

5 

below or above the flow centreline. Vidal (1962) also found that the stalling 
characteristics of airfoil in shear flows depended upon the product of the 
local shear and its derivative, which when negative delayed stallingyand pro- 
moted it when positive . 

16 IT 

Gupta and Sharm^ (1974) carried out an experimental study of a 2- 

dimensional cambered Joukowsky airfoil (chord 15 Gms, thickness 15 % and 

caniber 1 Qfo )in nonuniformLy sheared flow. The pressure distribution over the 

airfoil was measured to compute the aerodynamic coefficients, and for 

various angles of attack and at different vertical locations to observe the 

effect of the interaction of stream shear, camber and thickness on the airfoil 

characteristics. As shown in earlier works it was noticed the maximum lift on 

a 2-dimensional symmetrical Joukowsky airfoil increased when it was located 

slightly below the flow centreline. The Results obtained for symmetrical 

airfoil showed good agreement with previous work. In addition the results for 

a cambered Joukowsky airfoil irons reaad in nonuniform shear flow showed an in- 
not 

crease in the lift/in agreement with the theoretical predictions. The value 
of the shear parameter q in their experiments was 0.0476. 
c . Production of Nonuniform Shear Plow. 

The production of nonuniforu4hear flow is very essential for an 
experimental studj- of airfoils in such flows. This type of flow can’ be gener- 
ated in a wind tunnel , by incorporating variable losses in the test section. 
These losses can be produced by placing an array, of spanwise rods/wires with 
variable spacings. 

When a turbulent stream of fluid passes through a wire gauze , it 
becomes less turbulent and the steady disturbances are reduced in intensity. 
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The gauze off erss a resistance to the component of flow normal to its plane . 

If a pressure difference p-j-pg 4- s required to drive fluid of density through 
a wire gauze at a velocity U, the drag coefficient K q (also called screen 
resistance coefficient), is given by 



n . 

Taylor and Batchelor (194 9) solved the problem of flow through a 
gauze and found that the longitudinal velocity was altered in the ration 


_2 _ 1 +f£ -f} K 

"1 1 +$+ K 


( 1 . 8 ) 


where 0 = 1.1. (1+K q ) 2 , and the flow patterns far downstream were not the 

same as those for upstream. 

Owen and Zienkiewicz (1957) found a linear relationship between down- 
stream velocity distribution and K , the screen resistance coefficient . dist- 

o 


ribution across a grid of horizontal wires. By inserting sudh grid in the 

■ ' 9 

test section of a wind-tunnel, a weak uniform shear flow was obtained. Elders 

"TO 

(l 958)obtainea similar results. McCarthy (1964) obtained a nonlinear rela- 


tion between downstream velocity distribution and'K^ for 3-dime&sional highly 
nonuniform shear flows. Vidal et al^ (i960) extended Owen and Zienkiewicz ’s 


method to produce a hihighly nonuniform shear stream. For experimental results, 
empirical formulae with trials and errors al ongwit htthe theory' -were used . The 
velocity profiles of Vidal et al were in good agreement with the theory. 

Kotnasky (1966) made use of a honey coirib structure for generating 
nonuniform flows* The cellular structure of honey comb eliminates most of the 


support and structural problems associated with shear screens of rods and 
wires* Because of the built-in straightness, the flow downstream was relati- 
vely homogeneous, livesay and Laws (1973) have given a method of generating 
axisymmetric gauze screens required to produce desired 1 velocity profiles by 
developing and adding corrections to Elder’s theory. 
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1 .2 The Present Work 


16 


The present work is experimental and is an extension of the work of Sharma 
17 

OmA, Q-upta and Sharma (1974).. In the present experiments a 2-dimensionaL cambered 
Joukowsky airfoil and a symmetrical Joukowsky airfoil were used. Both the 
airfoils have chords of 15 cm and 15% thickness. The cambered airfoil had 10% 

* 

camber. These were tested in a strong nonuniform shear flow to record the 
pressure distribution along the mid-span. The objective was to study the aero- 
dynamic characteristics of cambered and symmetrical Joukowsky airfoil in strong 
nonuniform shear flow for different angles of attack and at different vertical 
locations. 


A strong nonuniform shear flow similar to/ but with a much higher 
value of the shear parameter (q. =.282) than in ref.l7was obtained by introducing 
variable losses in the wind tunnel test section with athe help of a shear 
screen. The screen consisted of an array of rods arranged horizontally but 
much more closely packed than in ref. 17, so as to get a strong nonuniform 
she .r flow. 

17 

In Gupta and Sharma 's (1974) work the mechanism for changing the angle 
of attack of an airfoil was to stop the tunnel and then move the airfoil moun- 
ting, noting the angle change throvgh a pointer and an ordinary geometrical 
compass protact or. This was a very crude method and in any case the error 

introduced could be of the order of 1/2 . 

We wanted to have a mechanism by which the airfoil could be rotated 
continuously even when the tunnel was running . So we designed and fabricated 
a completely new model incidence system which had an accuracy of 1/1 Oth of a 
degree arh using which the airfoil could be rotated continuously even when 
the t unne l was running but at the same time it was const raine/from rotating 
due to the aerodynamic forces in the tunnel . 

Lift , drag and pitching moment characteristics for each airfoil were 
computed from the pressure distribution recorded. An attempt to qualitatively 
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look at the stalling characteristics of the two airfoils was also .made by 
means' of pressure distribution and Vs M curve# 
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CHAPTER 2 

SXffiaaBHDiflL JB 08 SSM 

The testing *f 2-dimensional Joukowsky (cambered and symmetric) was 
carried cut in a strong nonuniform shear flow, for various angles of attack y 
and at different vertical locations. The strong nonuniform shear flow was v 

produced by incorporating variable losses with the help of a screen consis- 
ting of an array of horizontal circular rods of varying diameters and spacing s, 
and me anted in the test section 36" ahead of the airfoil. The airfoil was 
mounted on a model incidence system which permitted an independent change of 
the angle of attack and the vertical location. 

2 .1 Equipment 

(i) Wind Tunnel . 

The experiments were conducted in the 2-D test section of the 5-D 
low speed tunnel in the Aero lab at IXT /Kanpur. This tunnel has a special 
feature that, with a common blower return section, twc different test sections 
can be used cnSat a time. The 2-D test section with a contraction ratio of 
9.0 has a cress section of 1'x4* and a length (distance between the contraction 
cone and the diffuser) of 5' -6". The maximum velocity attained with no model 
in it is 18Gfj5s and the turbulence level at this speed is 1.4$. . 

(ii) Airfoil Models. 

Two Joukowsky airfeils (cambered and symmetrical) were used for test- 
ing. Both the airfoil models were 15$ thick, having a chord of 15 ems and 
a span of 12 inches. These were manufactured inathe Aero Workshop out of 
compressed seasoned wood. There were twenty five static pressure tappings 
along the mid span of the symmetrical airfoil as shown in Pig 1 , and twenty 
three static pressure tappings as shown in Pig 2. The copper tubes of 1/16" 
diameter used as pressure leads from both the models were taken out from one 
side of the airfoil model through a hole of 1/2" diameter at the mid chord . 

One mild steel tube of 3/4" outer diameter with outside threads was fixed 
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permanently for the model support as well as for talcing the pressure leads to 
the multitube manometer. The pressure measurements at the trailing edge could 
be taken with the help of two static pressure probes, as it can be seen from 
the airfoil cross section (figs. 1 & 2) that taking the pressure leads out of 
the trailing edge was nut possible because of the thinness of the trailing 
edge . 

\ii(iii) Model Suppurt . 

/ 16 17 \ 

Unlike the earlier work (Sharma 1973 ? Gupta & Sharma 1974) where a 

simple model support system was used , a device was designed and fabricated for 

manually changing the angle of attack uf a 2-dimensional airfoil mounted in the 

tunnel when the tunnel was running . 

Background . 

The mechanism used previously to change the angle of attack of an air- 

was 

foil/by loosening a nut to rotate the airfoil by hand and rffiotlng the angle 
change by means of a pointer and a geometrical compass protactor. This was a 

very crude method , and in anj case , the error introduced could be easily of the 

.* 0 

order of §/2° . Also we wanted to design a mechanism by which the airfoil could 

be rotated continuously and the readings could be observed easily with an see 

0 

accuracy better than 1/2. 

Technical Details. 

o 

We decided to achieve an accuracy of 1/10. The set up had to be made 
in a way so that the airfoil could be rotated mby means of a handle driven 
mechanism, but at the same time it would not rotate by itself because of aero- 
dynamic forces on the airfoil in the tunnel. For this it became imperative 
to use a worm and worm wheel setu up. It was also decided to achieve a 1/10 
rotation of the airfoil through one revolution of the counter to be turned by 
handle. The worm and worm wheel were therefore expected to have a ratio of 
1:3600. Since this would involve unmanageable sizes of the worm and worm- . r 
wheel we decided to use two sets of worm and worm wheel, one giving a ratio 
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the worm wheel of the 1:30 set on the same axis as the worm f or: ithe 1:120 set 
and so both were fabricated out of one piece of brass together forming one 
piece . 

As is clear from the -'AFigs ; 3 & 4 and the photograph of the device 

(photograph 1 ) it consists basically of these two sets of worm and worm wheel 

which are mounted on an aluminium base plate. There is a cylindrical shaft 

with a through and through hole through which the mild steel tube attached to 

the airfoil passes and is held rigidly to the device with the help of screws. 

The shaft itself passes through the al umin ium worm wheel, of the 1:120 set. 

The worm wheel is in contact with the brass worm to which is attached (in the 

same -piece of metal) the worm wheel of the other set^ which is engaged to the 

a 

other worm. This is connected through/set of bevel gears to a handle and a 

five digit mechanical reversible counter. There is a pointer attached to the 

o 

Central shaft which moves on a 360 protactor. This protactor is mounted on 
an aluminium yoke which is fixed to the base plate and through which the cylin- 
drical shaft passes. The mild steel tube fixed permanently to the airfoil and 
through which the copper tubes used as pressure leadsmcome out is passed throu- 
gh the central shaft with the airfoil edge resting against the other surface 
of the base plate and the mild steel tube is held to the device with the help 
of screws for which holes have been drilled on the shaft side (photograph 2) . 
There is another mild steel bracket fixed t° the plate and the counter is 
mounted on this bracket. Holes were drilled at the edge of the ba^ plate at 
1" intervals so that the device could be used for stations above and below the 
centreline of the tunnel (photograph 3). One can read the number of rotations 
of the handle on the counter and for each rotation of the handle the pointer 

moves 1/1 Oth of a degree on the protactor; i.e., it takes ten rotations of the 

* • o 

handle to move the pointer by' 1 on the protactor. Ball bearings have not . 
been used in the design because the rate of rotations are fairly slow. 

(iv) Screen for Nonun if orm Strong Shear Flow. 

A shear screen 0 f aluminium frame was made for producing a nonuniform 
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strong’ shear flow. It consisted of aluminium rods of diameter and a few 
brass rods of •£" diameter mounted in the aluminium frame. The locations of 
the centres of the rods have been shown in . Pig., 5 • The array of rods arranged 
horizontally was firmly secured in an aluminium frame of size 1' x 4 ' (photo- 
graph 4) . 

Before the aluminium screen was made a wooden screen was also made 

using wooden rods. But when it was mounted in the tunnel and tested it was 

found to be giving a strongly asymetric shear flow. This was due to the fact 

that the wooden rods could not be fixed very accurately at the desired locations 

resulting in gaps of varying sizes. So it was decided to get a metal screen 

made. The metal selected was aluminium due to its light weight. 

The aluminium screen was placed in the test section 20 in. downstream 

of the contraction cone and the airfoil was placed 36 in downstream. This 

6 . . 

distance was the same as suggested by Ludwig & Erickson (1971;. The screen was 


held against four aluminium supports of L section which were firmly screwed 
to the tunnel walls (photgraph 5). The main criterion of the shear screen 
design was the proper distribution of the screen resistance coefficient K q 


given by 


pi zh 

° 


(1.7) 


where p^ and p^ are the static pressures upstream and downstream of the 


screen. 


The distribution of the solidity over the range was determined by 


using one of the empirical relations: 



( 2 . 1 ) 

( 2 . 2 ) 


By choosing proper rod size, spacings could be f ound .tLffi&is Was the method 
adopted by Sharma (1973). However we mainly used a qualitative criterion 


of providing more spacing in the larger velocity region to obtain the final 


distribution of rod spacings. Several iterations and tests were required for 
this purpose . 



(v) Instrumentation and Accessories. 

Hot lire Anemometer . 

A DISA, Model 55A01 , constant temperature hot wire anemometer was used 
for the turbulence measurements. A single hot wire probe normal to the flow 
was traversed in the y direction from the centre of the tunnel test section at 
the point of airfoil midchord location. A Tektronix type 545 B oscilloscope 
was used for monitoring the hot wire signals. 

Multitube Manometer. 

The multitube manometer using water as the working fluid had a set of 

50 tubes and could be inclined at any desired angle. However throughout the 

o 

experiments we kept it positioned at 60 to the horizontal. 

Pitot Static Tube. 

A pitot static tube of diameter 3/8" was ■: used to measure the total 
and static heads both infront of the shear screen and at the point where the 
airfoil was located. The tube was inserted in both places through holes made 
in the' tunnel base. 

Pitot Hakes. 

A 40 tube vertical pitot rake was also used to measure the mean velo- 
city profile. It was placed 36 in. downstream of the screen. A ten tube hori- 

2-dimensionality ^ , , 

zontal pitot rake was also used for • ..ur.yf ry Ipy-r measurements. It was mounted 

on the vertical pitot rake at three locations and was used to measure spanwise 

velocity profiles. 

Plow Angle Probe. 

The flow angle was measured by means of a cylindrical probe of 1/8 in. 
diameter, and 12 in. in length, the axis of which was perpendicular and hori- 
zontal to the mean flow direction. Two pressure holes of 0.02 in. diameter 
were made 72 apart on the circular periphery in a plane about z in* from 
sealed tip of the cylindrical probe, and the two leads from. these pressure 
holes were taken out of the other tip to connect to a water multitube mano- 
meter. The other tip of the 1/8 in. diameter probe was keyed to a 4 in. dia«-. 



meter disk marked on its periphery with protactor like graduations with a 
resolution of one degree. A pointer indicated amount of rotation in degrees 
of the cylindrical probe about its axis. The flow angle probe assembly was 
mounted on a tripod stand fitted with a rack and pirmion type vertical traverse 
arrangement. The cylindrical probe was inserted into the test section at the 
airfoil location vertical plane through a side panel which had 1/8 in. diameter 
holes spaced 1 in, apart vertically. The flow angle was measured by rotating 
the cylindrical probe about its axis until the same pressure from the 72 apart 
two pressure holes was measured on the manometer. 

2.2 Procedure 

The first part of the experimental program was the study of mean flow 
characteristics produced by the screen. The measurements included the mean 
velocity profile and turbulence intensity measurements. The rake with 40 tubes 
spaced 3/4 in. apart was extensively used for the mean velocity profile meas- 
urements, In the final calibrations, a 3/8 in. pitot static tube was measured 
in the upper half only. Similarly the hot wire probe was also travameil in the 
upper half. The spanwise velocity profile was measured with the help of hori- 
zontal rate mounted on the vertical raise. This was done at three vertical 
locations. Static pressure measurements were taken using pitot static tube. 
Plow angle measurements were taken using the cylindrical flow angle probe 
mentioned earlier. 

The second part consisted of taking the pressure distribution data on 

both the airfoils in uniform flow and nonuniform strong shear flow. Pressure 

distribution data in shear flow was taken for an angle of attack range of 
0 0 

+ 30 to - 20 . For each airfoil this data was taken at seven vertical 

locations; y = 0" , y = + 1", y = + 2" , y = + 4”. The multitube manometer 

0 

inclination was kept at 60 with the horizontal during these measurements. 

2.3 Data Reduction 

The static pressure measurements on the airfoil surface were reduced 
to the form of aerodynamic coefficients, and , by performing the inte- 
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gration of pressure coefficient along the X and Y co-ordinates 


9s 

i 

3 

O 

W. 0 

! 

11 

G x ) d ( x/c ) 

(2.3) 
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= C) G d ( y/c ) 


(2.4) 

c 
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c T 

= C cos-o<,- C 

sin*< 

(2.5) 

1 

N c 



°D 

= C„ Sin< + C 
a c 

cos *4. 

(2.6) 

where is the 

angle of attack. 




The pitching moment about the leading edge is given by 

J 

0 = j Ac (x/c )d (x/c )+ pJ&O (y/c )d (y/c) ( 2 . 7 ) 

^ .E . 0 9 J p 

where nose up pitching moments are positive. Normally these integrations are 
performed graphically. In the present work these integrations were performed 
numerically on an IBM 7044/1401 computer, installed at the IIT/fCanpur Computer 
Centre . 
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CHAPTER 3 

RESULTS AHD DISCUSSION 

351 • Eo-'in flow Characteristics of Hon Uniform Strong Shear Flow 
a. Mean Velocity Profile . 

Two different probes were used to obtain the data on the mean velocity 
profile of nonuniform strong shear flows. These were a pitot static tube and 
a pitot rake. Pig. 6 shows the data obtained by the two probes. Data trends 
are generally satisfactory. The two different probes give more or less the 
same data. Actually while running the experiment we observed that rake data 
show a certain amount of asymetry. At times the pitot rake data exhibited 
oasymetry and at other times it did not. This leads us to the conclusion that 
there is a slight unsteadiness in the mean flow. The data in Pig. 6 show a 

maximum velocity of 110 ft/sec at y/b = 0.250 and a minimum velocity of 40 ft/ 

16 

sec at the centreline at y/b =0. By comparison in.Sharma's work a maximum 
velocity of 125 ft/sec was obtained at y/b = 0.3 and a minimum velocity of 
103.5 ft/sec at the centreline. The velocity profile from the centreline to 
the peak can be approximated by a parabolic expression such as 

U = Ug ( 1 + ^ ( | ) 2 ) ( 3.1 ) 

where is the velocity at y/b = 0, q is the shear parameter and H is a trans- 
formation length which is equal to 1 .7 in* for the 6 in. chord airfoil (see 
Refs. 3,4). Thus for the present nonuniform shear flow the value of q obtai- 
ned from the above equation turns out to be .282. In Gupta and Sharma s work 
the corresponding value was 0.0476. Thus the present shear flow is about an 
order of magnitude stronger than the earlier flow. On the other hand if we 
assume the velocity profile to be linear then using the following equation 

u = u (1+21) < 1.1 ) 

C C 

We get the value of K, the linear shear parameter to be 1.75. In 
S har ma 1 s work using a linear relationship he obtained a value of K = 0.34. 
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b. Static Pressure Distribution. 

Pig. 7 shows the static pressure distribution. The ratio yA has been 
plottedvJVp ^ ^ ^ _ q • As is clear from the figure the variation is constant 
withifen + 4 -%. The static pressure variation in Gupta and Sharma's case was also 
small and was nearly constant around the ratio 1.0 within 2 %. 

c. Streamwise Turbulence Intensity. 

Pig. 8 shows the variation of streamwise turbulence intensity U 

rms 

plotted against y/b . The root mean square velocity TJ appears to have a 

rms 

maximum value of 40 fps at y/b = 0.167. In this region of high shear the per- 

30-5-0% 

centage of turbulence is high. It is found to be of the order of £5$. In this 
16 

Sharma's work the maximum value of U was 8 fps and the maximum percentage 

rms 

of turbulence was around 10$. 

d. Two Dimensionality of the Plow. 

The mean flow velocity profile data in the spanwise direction at three 
vertical locations are shown in Pig. 9. Here the ratio U/U c has been plotted 
against y/b . TJ c is the velocity of the flow at- the central point of the hori- 
zontal pitot rake. The three vertical locations for which the velocity profiles 
are shown are y/b = 0.328,, y/b = 0.0156 and y/b = -0.328. These profiles have 
been measured 36 in. downstream of the screen. Boundary layers appear to be 

very thick, of the order of 4 in. or more and are most probably turbulent. 

, 16 

The central core or uniform flow region is rather small. In Sharma’s work the 
mean velocity profile in the spanwise direction was measured at only one loca- 
tion, yA = 0, 36 in. downstream of the screen. The boundary layers on the 
side walls^egs® about 3 in. thick and were also most probably turbulent. The 
central 6 in. core of the flow in his case had a uniform velocity within 2$. 

In the present case the central 2—4 inches of core has a velocity uniform 
to within + 5$ . 

e . Plow Angle . 

Pig. 10 shows the variation of flow angle vs yA* In Phe present case 
the flow angle variation came to be rather large. The flow angle was measured 
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b ;y means of a cylindrical probe with two pressure holes of 0.02 in. diamehex 
o 

ss-paced 72 apart. When flow angle is measured with this type of probe it will 
brniicate an apparent flow angle. This probably is partly the reason for high 
flow angle . values. Furthermore, cylindrical -probes in high turbulence and 
^unsteady flow are known to give highly erroneous readings. We believe, there- 
fore, that high values of flow inclination shown in Fig. 10 are probably not 
tshe tiue flow inclinations. 

3522 Lift -Coefficient Variation With Angle of Attack 

Figures 11-18 show the lift coefficient variation plots for symmetric and 

Were 

cambered airfoils. The pressure distribution data ya i'ec ord ed for an angle 

0 0 

of attack range of + 30 to - 20 . 
a . Symmetric Airfoil . 

Fig. 11 presents the C vs wC plots for the symmetric airfoil in uniform 

L 

rflow and nonunifoma strong shear flow for the vertical location y = 0, that; is, 
Mien the airfoil is mounted at the flow centreline. These are two plots for 
TWLiform flow, oneobtained from theory and another from experimental data . The 
-theory plot has been presented for comparison. The figure clearly shows that 
for shear flow for the vertical location y = 0, the value of +’ Cy' -- is - c c t .s. aj 
•considerably less than the C £ value in uniform flow. For uniform flow the var- 
iation of the lift coefficient for the curve obtained from experimental daha in 

0 0 

the angle of attack range of -10 to + 10 is almost linear. Beyond this, 

however, the pattern changes. For shear flow the curve varies nearly linearly 

o o . i 

for the angle of attack range - 10 to + 20 . 

Comparing with Sharma f s work we see that in his case the values ! 

for the symmetric airfoil in nonuniform weak shear flow were more than -the 

CL values in uniform flow when the C T values were computed using the mxdehord 
3j 1 

dynamic pressure* However , when the stagnation streamline dynamic pressure 
was used for computing the lift coefficients the C^ values obtained were Less 
tlian those in uniform flow# In the present case we find that all the 
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values we have obtained for the symmetric airfoil in nonuniform strcng shear flow 
are less than those in uniform flow. 

Effect of Vertical Location 

Figures 12, 13 and 14 show C_ vs plots for the vertical locations 

L 

y/b = + 0.041 , + 0.083 and + 0.167 for the symmetric airfoil. The effect of 
vertical location on the maximum lift available is very pronounced. In all 
three figures the C T values for a location below the centreline are always 
higher than the C values for a corresponding- location above the centreline . 
Comparing the three figures to one another one sees that the maximum lift avai- 
lable seems to increase as the airfoil is placed further and further away from 
the flow centreline. In Pig. 12 both the plots appear to be linear for most 

of the angle of attack range but in Pig. 13 for y/b = + 0.033 both the curves 

0 

show a sMden rise near = 0 . In Pig. 14 for the vertical location ;• 

y/b = - 0.167 the 0 T curve is almost linear before it reaches a plateau but the 

L 

curve for y/b = 0.167 varies oddly. In both .,FigS*.. 13 and 14 one sees 

o 

that near 30 the values for both the curves are almost the same, 
b. Cambered Airfoil. 

Fig. 15 presents the C T vs</ plot for the cambered airfoil in uniform 

Xi 

flow and nonuniform strong shear flow for the vertical location y = o. The 0^ 

curve obtained from theory has also been presented. The 0^ curve obtained from 

o ° 

experimental data varies from o<u-20 to «<= + 12 in a more or less linear 
manner beyond which it falls sharply, reaches a plateau, rises slightly grad- 
ually and then again falls. The shear flow curve varies initially from 

0 O'' 

«< = - 20 to K= 5 in a linear fashion and then rises gradually in a wavy 
fashion. It is clear from the figure that in nonuniform strong shear flow 
values fall considerably compared to values in uniform flow. 

Effect of Vertical Location 

Figures 16, 17, and 18 show tjie 0^ values obtained when the cambered 
airfoil is placed at the vertical Jobations y/b = + 0.041, + 0.083 and +0.167. 



19 


In each of these figures the CL values for the vertical location below the 

±1 

flow centreline appears to be considerably higher than those for the corres- 
ponding vertical location above the flow centreline . foremost of the angle of 

attack range. The curves also tend to vary considerably in shape. . In Pig .17 

SamLcbrc«_.tflA. 

the plot for y/b = - 0.083 assumes a curious - hof a i -s phorical shape in the 

0 o 

angle of attack range 9^ = 7.5 to 27 .5 » Eefore this range it follows a more 
or less linear pattern. 

Effect of Camber. 

The effect of camber in the cambered airfoil is pretty well pronounced 

when compared to the symmetric airfoil. C T values for the cambered airfoil both 

h 

in uniform flow and in shear flow are considerably higher than the correspond- 
ing C values for the symmetric airfoil. The difference is particularly marked 

-U 

in shear flow. 

3 .3 Pitching Moment Coefficient Variation With Angle of Attack 1 

Pigures 19-26 show the variation of the pitching moment coefficient at 
the leading edge with the angle of attack for symmetric and cambered airfoils. 
The pressure distribution data were . recorded for an angle of attack range of 
+ 30° to - 20° . 
a. Symmetric Airfoil. 

Pig . 19 shows the CL ( C ■ at leading edge) vs (< plot for the symme- 

±i JE . 

trie airfoil in uniform flow and in nonuniform strong shear flow at the verti- 

Q 

cal location y = 0. Except for a small angle of attack range clos© to <<=o0 
where the two curves almost coincide the curves diverge quite a bit. Por 

O 

values of *f less than 0 the CL, values for uniform flow are higher than 

. . tjl, 

C„ values for shear flow, whereas for values of the CL. values 

Ti.E. ' n .E . 

are 

for shear flow / higher than C,- values for uniform flow. The C 

' “dJ5. TUS. 

plot for shear flow is almost lineaj* throughout . 
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Effect of Vertical Location 


1 Pigs. 20,21 and 22 show the symmetric airfoil ia shear flow for the 

■vertical locations y/b = + 0.04-1 , + 0.083 ana + 0.167. For the vertical loca- 
tions y/b = + 0.04-1 the two curves almost coincide with each other. The C^. 

\ .E . 

values for y/b = + 0.041 are only slightly greater than those for y/b =-0.041. 

The curves slope down from left to right. For y/b = + 0.083 the curves follow 

a similar trend , However the C values for y/b = + 0.083 are distinctly 

greater than those for y/b = -0.083 although the differences are small. Both 

the curves are almost linear and slope down from left to right . 

A similar trend is observed in Fig. 22 where G,. vs for the verti- 

^ .E . 

cal locations y/b = + 0..167 are plotted. Near = + 5 the two curves appear 
to converge and then diverge again. Comparing the Figs. 20, 21 and 22 it 


auD oars that C„ 


values for vertical locations above and below the centre— 


n »Et . 


line are more or less close in magnitude for all the three figures. Comparing 
Fig . 19 with Figs. 20, 21 and 22 we see that compared to uniform flow C 

^* E * 

values in shear flow differ markedly. For 0 the 0.. values for uni- 

X JB. 

form flow are greater than those in shear flow for all the -vertical stations 


and for > 0 the C_ 


values for uniform flow are less than those in 


__ 

Jj «E ♦ 

shear flow for all the vertical stations. In other words the C^ vs «< 
curve for uniform flow is a much more steep curve sloping down from left to 
right, compare to the -shear flow curves* This has important consequences on 
the stability of the wing. This implies that a wing with a symmetrical 
Joukowsky airfoil is likely to be less stable in nonuniforra strong shear flow 


than in uniform flow. 


b. Cambered Airfoil. 

Pig. 23 shows the C vs <plot for the cambered airfoil in uni- 

±1 *E • 

form flow and in shear flow for the vertical location \y = 0. The uniform flow 
curve differs markedly from the uniform flow curve for the symmetric airfoil • 
The uniform flow curve for the cambered airfoil lies entirely below the shear 
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flow curve. The shear flow curve is approximately linear and slopes down 

gently from left to right. Both the curves lie below the abscissa, that is, 

the C values for both uniform and shear flow are negative for the entire 

T. £ . 

« 

angle of attack range. 

Effect of Vertical Location 


Figures 24 , 25 and 26 show the 0 M vs e( plots for the cambered air- 

X.E. 

foil in nonunif orm strong shear flow for the vertical locations y/b = + 0.041 , 

+ 0.083 and + 0.167. In all the three plots the curves are pretty close to 

each other for most of the angle of attack range. In Figures 24 and 25 the 

o o 

curves almost coincide f rom = -20 to + 5 , but diverge after that « In 

all three figures the curves slope down gently from left to right and all the 

curves stay below the abscissa indicating that the C M values in all the 

Jj«E . 

plots are negative* Tb© closeness of the curves indicates that there is very 
little difference in C Tfr values for two corresponding vertical locations 

above and below the centreline • Howeve^in all the three figures the curve for 
the positive vertical location (y/b = 0*041, 0.083, 0.167 ) stays slightly above 
the curve for the negative vertical location which is in keepxng with the trend 
observed so far., 


Compari n g to the uniform flow curve one sees that all the curves in sie.i 

shear flow lie above the uniform flow curve. This indicates that CL values 

' Ti.B. 

obtained in shear flow are considerably higher than G^ T values in uniform 




flow, 


Effect of Camber 

The most noticeable effect due to camber is that the values of 
aie lowered considerably for the entire angle of attack range. This is true 
for both shear flow and uniform flow. Comparing- corresponding curves in shear 
flow and uniform flow for both the airfoils one sees that in case of the 

cambered airfoil the maximum C M obtained is considerably less than the 

X.E. 

maxim um C values obtained for the symmetric airfoil for the same vertical 

I.E. 
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locations in shear flow and also in uniform flow. The slopes of the C™ 

for the cambered airfoil, however, appear to be more or less the 
same as those for the symmetric airfoil . 

3 .4 Variation of Pressure Drag Coefficient with Angle of Attack 

Pigs . 27 and 28 show the variation of the pressure drag coefficient 
with the angle of attack for the symmetric and cambered airfoils respectively. 
In each figure only two plots have been shown, one for uniform flow and one 
for shear flow when the airfoil is located at the flow centreline, that is 
y = 0. In both figures the uniform flow curve shows a distinct bucket like 
shape . When shear is introduced in both cases the curve tends to flatten as 
the curves for shear flow show. The shear flow curve is both cases stays 
entirely above the abscissa but the uniform flow curve strays below the absci- 
ssa for both airfoils. Appearance of a negative pressure drag coefficient is 
likely to be due to the assumption of ambient pressure at the trailing edge 
and discrete nature of data causing errors in numerical integration. 

3 -5 Typical Pressure Distributions 

A large number of pressure distributions were recorded over the two air- 

/) 0 0 

foils for different geometrical ange&s of attack ranging from + 30 to -20 

and r. seven vertical locations. Some typical pressure distributions plots for 
symmetrical and cambered airfoils measured in uniform flow and shear flow for 
various vertical locations are presented in Pigs. 29 to 34. The dotted lines 
show that the data for these regions are not available and hence a dotted line 
is drawn from the las available data point to the trailing edge . Pressure 
distributions for each airfoil have been presented for five vertical locations 
y/b = o, + 0.041 and + 0.167* The pressure coefficient is based on the 
midchord dynamic pressure at that particular vertical location. It has been 
suggested that the dynamic pressure of the stagnation streamLine be used for 
computing the aerodynamic coefficients. Since the exact location of the 
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6 

stagnation streamline was difficult to determine, Ludwig and Erickson used 

and the pressure 

the differehce between the free stream static pressure/on the leading edge 

position of the airfoil, as the stagnation streamline dynamic pressure. In the 

present work we took the average value of the static pressure over the entire 

. 00 . 

range of experimentation + 30 to •(.= - 20 J ,and subtracted the total 

pressure at the airfoil midchord location to get the dynamic pressure. The 
total pressure value was obtained at different vertical locations usinb the 
Pitot rake data. 

a . Symmetric Airfoil . 

In Pig. 29 -C vs x/c for the symmetric airfoil in uniform flow and in 
P 

nonuniform strong shear flow with the airfoil at y = 0, that is at the centre- 
line, has been plotted. The plots have been presented for the geometrical 
angles of attack «<= 0°, 4°, 12° and 20°. The value of q obtained earlier 
has been found to be 0.282. 

Data in Pig . 29 show that as the geometrical angle of attack increases 
the minimum pressure point moves forward for uniform flow. The - C values 

ir 

for uniform flow appear to be greater compared to the - C values of shear 

Jr 

oo oo ; 

flow for cC - 0 and o( = 4 « However for = 12 and =20 only the - 
values for the suction on the upper surface appear to be greater than the ~C 

Jr 

values for shear flow* - C plots for both the surfaces of the airfoil tend 

4 . 5 . 4 r -r V * tjP’ >= * S T, . **■ ** *’ M ' -I 

0 

to come closer to each other in shear flow as one moves gradually from = 0 

surface 

to = 12° . But for ©< = -20° they again diverge. The - 0 plot for the upper/ ; 

Jr 

in uniform flow tends to fall gradually across the surface of the airfoil 
for ■ o( =0° , 4° and 12° . Por .<= 20° the plot falls sharply from the second 
point to the third point and then rises slightly and that too very gradually 
across the airfoil surface indicating that the flow has stalled. The - 
plots for the lower surface for = 0 and 4 appear above the abscissa while 

O 0 

for e/= 12 and 20 appear below the abseissa. 



Figs. 30 and 31 show the pressure distribution on the symmetric airfoil 


in nonuniform strong shear flow./" In Pig. 30 -C has been plotted against x/c i 


for the 'vertical stations y/b = + 0.041 for the three geometrical angles of 

4 ; : o o ; o -• '■ <j . ’ t / '■ '* ■■ < — ; ... ; „ 1 A" 

attacks^ = 4 ,10 and 20 . The three plots show a great deal of difference. 


At o( = 4 the peak of the -C curve for y/b = +0.041 appears to be much higher 
compared to the' peak of the -0 ‘ curve for yA = -0.041 1 At o( = 10° and 20° 


the peaks of the -C curves for yA = -0.041 are higher than the peaks of the 

ir ....... , 


■ . : '. : ' . r . r • • o ■ o • ■ ■ 

-C curves for yA =0.041. At «( = 4 and 20 the variation in -C appears 

p p 


to be uniform for both yA -0 .041 and yA = +0.041. The curves fall gradu al! 

initially and then as the trailing edge approaches they rise gradually again. 

o' v a- I y • ' ' : ■. : ■ i. ■ . .■ '' 1 . 

At = 10 however the pattern of variation tends to be erratic,,, some of the 

curves fall suddenly, rising immediately again, falling again, reaching a 
plateau, and as the trailing edge approaches again rise gradually. 


Pig . 31 shows the symmetric airfoil in shear flow at the vertical 


■ ft 


1 beat ions yA = + 0.167. Plots have been presented for the angles©^ =4% 10 


and 20 . The peak value of the -C^ curve for the upper surface of the airfoil 


for yA = -0.167 is higher for all three values of than the peak value of 


-C for the upper surface for yA = 0.167. The trend of the plots here is 
P 


somewhat different than the plots for yA = + 0.041. Por the vertical loca- 
tions yA = + 0.041 most of the data points tended to be concentrated below 
the abscissa whereas for the vertical locations yA = + 0.167 the points are 
more evenly spread . 

Effect of Stream Shear ' ' ’ v 


Ludwig and Erickson */l 971 ) have concluded that the change in lift is 
mainly due to upper surface pressure distribution. In the present case pressu 
distributions over the symmetric airfoil as shown in Pigs. 29-31* indicate 
that nonuniform stream shear brings about, a change in both the upper ana lower 


surface pressure distributions. This is true for both the vertical stations 

l 16 a ; ■ ■ :■ ■ ■ 

yA = + 6.041 and + 0.167. In Sharma's work it was noticed that nonuniform 


stream shear brings about a change in the suction pressure on the upper surfac 
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Sharma also reported that a study of the lower surface pressure distribution 
didnot show any significant Change due to stream shear. However in the present 
case a close scrutiny reveals that although lower surface pressure does not 
change appreciably for some cases, it does change considerably for others 
(Fig. 29 and 30) . This is particularly true when the airfoil is mounted in 
shea--' flow at the centre of the tunnel test section. For the y = 0 location 
one sees (Fig . 29) that the high nonuniform stream shear does change the pre- 
ssure distribution for both the surfaces considerably. 

Effect of Vertical Location 

Comparing Fig. 29 with the Figs. 30 and 31 we see that Vertical location 
has a marked effect on the pressure distribution pattern. Comparing the pre- 
ssure distribution plots of y/1 = + 0.041 and + 0.167 in shear flow with the 
pressure distribution plots of the vertical location y = 0. 'W§ see as we 

move away from the flow centreline the suction on the upper surface increases 
considerably* The pressure distribution on the lower surface also changes 
considerably, 
b . Cambered Airfoil . 

Figs. 32-34 show the pressure distribution plots for the cambered air- 
foil for q = .282. Fig, 32 shows the plots for uniform flow and shear flow 

, 0 o 

for the vertical location y = o • Plots have been presented for = 0 , 4 , 

10 ' and 20° , In uniform flow thejre is a tendency for the pressure peaks to 
move forward for both the upper surface add lower surface as the angle of bro 
attack increases. At o( = 6° , 4° and 10° the upper surface curves for uniform 

O' 

flow rise and fall gradually, but for *= 20 the upper surface curve behaves 

rather differently; It falls sharply almost from the beginning and then levels 

off indicating stalling. In shear fJ.ow the curves for both .the upper and the 

lower surfaces appear to be below, the absicissa for most of the surface. 

0 

The-C plot for the upper surface in shear flow at 20 differs markedly 
P 

from the rest. At x/c = .4 it falls sharply and then levels off at a neatly . 
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constant value indicating stalling* 

Figs. 33 and 34 show the -C vs x/c plots in nonuniforn strong shear 

p 

flow for the cambered airfoil for the vertical locations y/b = + 0*041 and 

0 0 o 

+ 0.167 * Plots for the angles 4 *10 and 20 have been presented. The 
figures, j. for the three angles--, differ markedly from each other. This is true for 
both y/b = + 0.041 and y/b = + 0.167* For y/b = + 0*041 suction over the upper 

o o 

surface seems to increase considerably at 10 compared to o(= 4 but again 

C' 

decreases at o(= 20 . This seems to be true for y/b = + 0.167 also. 

Effect of Stream Shear 

The pressure distribution of the cambered airfoil shows a fall in the 
suction pressure over the upper surface in nonuniform shear flow compared to 
the pressure distribution over the upper surface in uniform flow. This is true 
for both y/b = + o.o41 and y/b = + 0.167 as well as y/b = 0. 

Effect of Vertical location 

Comparing Figs. 33 ana 34 with Fig. 32 we see that the pattern of pres- 
sure distribution changes considerably with change in vertical location. Peaks 
become more clearly distinguishable when one moves from y = 0 to y/b = + 0.041. 
As one moves further to y/b = + 0.167 the peaks become more sharp with sharp 
rises and falls. The suction on the upper surface also increases as one moves 
further away from the centre . 

Effect of Camber 

Comparing Figs. 29 and 32 we see that camber changes the pressure dis- 
tribution pattern considerably, both for uniform and shear flow for the verti- 
cal location y = 0. Camber tends to move the suction peak on the upper surface 
further down the airfoil surface. It also changes the pressure distribution, 
on the lower surface considerably. 

Comparing Figs. 35>0 and 33, and 31 and 34 one sees that for shear flow 
too, camber changes the pressure distribution considerably. Suction on the 
upper surface of the cambered airfoil particularly appears to be nore^ when 
compared to the suction on the upper surface of symme fcfcM&t Li BRA RV 

Acc. No. A 
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CHAPTER 4 

CONCLUSIONS AM) SUGGESTIONS FOR FURTHER WORK 

In view of the experiments carried out in the Reynold^; no. range of 
5 5 

1 .27 x 10 - 3.49x 10 the following conclusions can be drawn. 

(i) A screen was made which gave nonuniform strong shear flow. But certain 

/ fid. 

problems were encounter, mainly asymetry of the mean flow. The asymetry was 
present at times and absent at other times. This leads one to the conclusion 
that there was some unsteadiness. The asjaymetry was not due to the rods as 
the rods were positioned symmetrically very accurately. 

(ii) A model incidence system was designed and fabricated to provide a digital 

ed 

readout with an accuracy of l/lOth of a degree and it worV reasonably well. 

(iii) The flow angle values obtained were unreasonably large. It is not 

were 

certain whether they -/ really large. As mentioned earlier cylindrical probes 
in highly turbulent and unsteady flows are known to give highly erroneous 
readings. So it remains to be determined whether the flow angles are really 
large . 

(iv) Comparedto uniform flow general lift characteristics go down when strong 
shear is introduced. The maximum values obtained are lower with higher s- 

shear. When the airfoil is mounted ata location above or below the flow centra 
line, however, the maximum lift available is more compared to the maximum lift 
available when the airfoil is mounted at the flow centreline. As reported in 
earlier works^for vertical locations below the centreline the maximum lift 
obtained is more than the maximum lift obtained for a corresponding location 
above the flow centreline. It is also noticed that as the airfoil moves fur- 
ther away from the centreline the maximum lift available increases. In Gupta 
1 7 

and Sharma T s work the maximum C T values were obtained mostly in the angle 

I 

: . 0 O ' ■ ' 

of attack range £< = 10 to 16 where as in the present work the mxiraum C j 

0 

value obtained, is usually around 30 . 

(v) Like the symmetric airfoil the general lift characteristics of the 
cambered airfoil compared to uniform flow go down when strong shear is intro- 



28 


dueed . Here too the maximum C T values obtained are lower with higher shear. 

As reported in earlier works when the airfoil is mounted below the centreline 
the maximum lift obtained is greater than the maximum lift for a corresponding 
location above the centreline but the difference is greater than in the case of 

the symmetric airfoil . The maximum values of C_ are reached usually between 

L 

20° aid. 30° . 


(vi) Tor the symmetric airfoil in uniform flow the C T „ vs •( curve slopes 

down from left to right indicating a configuration which is stable from the 
point of view of stability. However, when strong shear is introduced the slope 


decreases and the 


vs curve tends to have a less slope, which means 


T..E . 


that in nonuniform strong shear flow the wing is going to be less stable compare 
to uniform flow, though of course, it will still be stable and not unstable. 
When one moves away from the flow centreline the curves still slope down from 


loft to right indicating that the wing is stable. 

The curve for a vertical location above the flow centreline tends to 
stay above the curve for a corresponding vertical location below the flow cent— 
reline . Also as one moves further away from the flow centreline the curve for I 
a location above the centreline tends to pitch away from the abscissa indicat- 
ing a more stable configuration. The curve for location below the centreline 
tends to pitch closer to the abscissa as one moves away from the centreline 
indicating a less stable configuration. j 

(vii) Tor the cambered airfoil the C M vs c< curve also slopes down from i 

left to right but it does so in an odd fashion. When strong shear is intro— j 

duced and the airfoil is mounted at the flow centreline the entire G vs 

L .B . ; 

curve rises vertically well above the uniform flow curve. It still slopes 

down from left to right indicating a stable configuration but the slope is not: 

very high. When one moves away from the flow centreline the C vs curv 

T..E. 

for vertical locations both above and below the centreline slope down from 
left to right (though sometimes in an odd fashion) indicating stable configura- 
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tions. The plots for locations both above and below the centreline stay close 
to each other indicating there is little difference in stability for two verti- 
cal locations located above and below the centreline but at an equal distance. 
The slopes of the curves also appear to increase slightly as the airfoil is 
moved away from the centreline . 

Suggestions For Further Work 

1 . Mean flow angle properties should be studied carefully. A study should ; 
be carried out to find out how flow develops into shear flow and explain the 
reason for the asymetry and large flow inclinations which have been observed. 

2. Oil film flow visualisation studies should be made to visualize the 
separation of the boundary layer and to study the stalling characteristics. 

3. A theoretical and numerical investigation along the lines of Ludwig and 

6 

Erickson may be carried out to cheOko the experimental results and obtain 
better understanding of the aerodynamic characteristics of airfoils in nonunif o: 


shear flow 
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